Summary: Loss of function of the tumor suppressor p53 is generally thought to increase cell motility and 
Introduction

43
Among human cancers, the tumor suppressor p53 is the most mutated gene and serves not only as an 44 inducer of cancer cell senescence and apoptosis [1, 2] , but also as a central suppressor of cancer cell 45 migration and metastasis [3] [4] [5] [6] . For example, in 3-dimensional (3D) Matrigel assays, loss of p53 increases 46 single cell invasion by enhancing cell contractility [7] [8] [9] [10] . In wound healing assays, p53 can decrease the 47 migration distance of leading cells by the inhibition of epithelial-mesenchymal transition (EMT) [11] . In 48 addition, p53 can inhibit cancer cell metastasis by suppressing focal adhesion kinase (FAK) [12] and 49 preventing degradation of the extracellular cell matrix (ECM) [3, 13] .
50
Most studies to date have emphasized effects of p53 on single cell invasion in the Matrigel-coated
51
Boyden chamber assay [7] [8] [9] [10] . It is now recognized, however, that metastatic disease is dominated by 52 collective cellular migration rather than single cell migration [14] [15] [16] . In the case of collective cellular 53 migration, the cell-cell interactions can be quite strong and highly cooperative [17] [18] [19] [20] [21] . Moreover, the 54 cellular collective can become jammed, immobile, and solid-like, or unjammed, mobile, and fluid-like 55 [18, 22, 23] . In the case of single cell migration, by contrast, none of these potent mechanisms are operative.
56
It remains unclear, however, how p53 functions in the context of such collective phenomena.
57
To address that issue, here we studied migration and invasion in 2D confluent cell layers and 3D 58 multicellular spheroids. Two human cell lines were used, the bladder carcinoma EJ and the colorectal 59 carcinoma HCT116. We first replicated single cell invasion assays in the Boyden chamber and found 60 results consistent with previous studies [7] [8] [9] ; loss of p53 increased the invasion of the single carcinoma and weaker cell-substrate interactions. To better mimic tumor biology we also conducted studies using 3D 64 multicellular spheroids embedded in collagen matrix. We found these results in the 3D multicellular 65 spheroidal assay to be consistent with the 2-D confluent assay. These results, taken together, demonstrate 66 paradoxical contributions of p53 in single cell versus collective cell migration.
67
Results
68
In 2D confluent cell layers, p53 increases collective cellular motility 69 To determine the function of p53 in collective cell motility, we used both gain and loss of p53 (Fig. S1 ).
76
We then went on to assays of cell migration in the 2-D confluent cell layer. The confluent cell layer 77 was cultured on 1.2 kPa polyacrylamide gel, and red fluorescent beads embedded in the gel surface. We 
P53-null multicellular spheroids exhibit lower 3-D invasiveness
156
To better mimic tumor biology, we next conducted studies using 3D multicellular spheroids (Fig. 6) . These results
202
demonstrate that the tumor suppressor p53 promotes carcinoma cell escape from their neighbors and more 203 efficient invasion into matrix.
204
P53 increases formation of cryptic lamellipodia and migratory traction forces
205
Our results show that p53 promotes the dissemination and invasion of the cellular collectives.
206
Compared to p53 expressing counterparts, the p53 null carcinomas shared the features of having highly 207 organized rings of cortical F-actin, and more rounded and less polarized cell shape (Fig. 3B and Fig. 4B ).
208
These results are consistent with the general consensus that loss of p53 promotes cellular rounding [7, 30] .
209
Moreover recent studies have established cell rounding (i.e., lower aspect ratio) as a key physical showed that loss of p53 was associated with the reduced formation of the cryptic lamellipodia (Fig. 5A   215 and 5B), which is consistent with the lower motility of the p53 null cells. These results support the notion 216 that p53 can activate the formation of cryptic lamellipodia to promote cell dissemination and invasion in 217 the cellular collectives.
218
To our knowledge these studies are the first to quantify the mechanical effects of p53 on cell-substrate 219 interaction. Measurements in both EJ and HCT 116 suggest that the loss of p53 consistently causes these 220 carcinoma cells to exert smaller traction forces on their substrate (Fig. 2) . It remains unclear, however, if 221 reduction in traction forces might be attributable to reduced lamellipodia formation and less motility. 
224
Many studies suggest that p53 can prevent epithelial-mesenchymal transition (EMT) and increase E-225 cadherin expression to decrease cancer cell motility [11, 26, 34, 35] . Nevertheless, at least one study [9] 226 suggests that loss of p53 does not decrease the E-cadherin expression. Our current studies in the 2-D 227 confluent cell layers also show a discordant relationship between p53 and E-cadherin expression. The These results suggest that regulation of E-cadherin expression by p53 is context-dependent, and may differ 237 for different carcinoma types.
238
In conclusion, this study points to paradoxical contributions of the tumor suppressor p53 in single 239 cell versus collective cellular migration. P53 inhibits migration of the single cell studied in isolation, but 240 both in 2D and 3D assays p53 promotes the dissemination and invasion of the confluent cellular collective.
241
P53 was also associated with changes in the F-actin cytoskeleton, cell morphology, lamellipodia, traction 242 forces as well as E-cadherin expression, all of which are thought to be linked with migration of the cellular 243 collective (Fig. S3) .
244
Mechanism by which p53 regulates the collective carcinoma cell migration remains unclear. P53 previous studies [11, 38] .
314
Single cell invasion assay 16 
315
The 24-well Boyden chamber (Corning, 354480) contains an 8m pore size PET membrane which has 316 been coated by Matrigel. We added warmed serum-free culture medium into the interiors of the chambers 317 and the bottoms of the wells, and allowed the system to rehydrate for 2 hours in humidified tissue culture 318 incubator. After rehydration, we carefully removed the medium without disturbing the layer of Matrigel.
319
We prepared the serum-free cell suspension (5×10 4 cells/ml for EJ, 2×10 5 cells/ml for HCT 116), and then 320 added 0.5ml into the chamber. We used sterile forceps to transfer the chambers to the wells containing 321 0.75ml culture medium containing serum as chemoattractant. Cells were incubated in the chambers for 22 322 hours in 37°C, 5% CO 2 incubator. After the incubation, we used cotton tipped swabs to scrub the surface 323 of the chamber twice to remove the non-invading cells from the upper surface. Cells were then fixed and 324 stained F-actin and nucleus via the above methods. We counted the nuclei of the entire well bottom 325 through the particle analysis in Image-J. N=4 for each type from two experiments.
